A three-degree-of-freedom mathematical vibration model of a high-speed punching press was developed in order to explore the vibration modes of the punching press. A multidomain model of the punching press was established to predict the kinematic state during different conditions, as well as the effects of load fluctuation on the motor speed. Experimental measurements of the acceleration of the punching press were carried out. The results comparison reveals that the multidomain model is consistent with the vibration model and the experimental measurements. Modal analysis and structure modification of the punching press were conducted. The foundation at the base of the punching press was improved against excess of vibration. The effects of the dimensions of the foundation on the vibration were discussed with the aid of the multidomain model. Finally, proper foundation design, able to reduce the vibration, was obtained.
Introduction
A heat-transfer fin is a component which is widely applied in the heat exchangers of air conditioners, refrigerators, and automobiles and is usually installed on the surface of the heat exchanger to increase the heat exchange efficiency by increasing its surface area [1] . Materials normally used for manufacturing heat-transfer fins are copper and aluminous foils, ranging in thickness from 0.1 to 0.15 mm [2] . Heattransfer fins are commonly manufactured using a highspeed numerically controlled (NC) punching press with a multiposition progressive die. Serious vibration occurs readily during the manufacture of the heat-transfer fins owing to the complexity of the structure and high frequency of stroke of the high-speed NC punching press when the structural design is unreasonable or the rigidity of the press is insufficient [3, 4] . Forming defects, such as fractures and wrinkling during the stamping of heat-transfer fins, are induced by even a slight vibration of the press because of the thin walled structure of the fin. Additionally, the vibration of the punching press adversely affects the service life of the punching press and the progressive stamping die, as well as the operational environment of the workshop [5] .
With the continuous development of punching presses, vibration issues have become more diverse and complex, and the integrality of a punching press has gradually been considered in studies aimed to the determination of their capabilities. Vibration problems of punching presses are closely related to mechanical, servomotor, NC control, and hydraumatic subsystems. Hence, single-disciplinary modeling and simulation cannot satisfy all the complex requirements needed for proper design of a punching press. During the conventional simulation of NC equipment, various software, supported by the theories of different disciplines, are adopted to establish models of electronic, hydraulic, and dynamic subsystems, making simulation research inefficient. Additionally, the separate modeling in different software results in deviation of the analysis of system integration [6, 7] . Considering the effect of each subsystem on the integral whole system of the complex punching press, the multidomain modeling method assembles models from different disciplines into a large integral model [8] , which greatly improves the simulation efficiency. In this way, the problem of obtaining a numerical solution from data exchange among different software can be completely avoided. A multidomain modeling and simulation method has become crucial to improve NC mechanical products [9] . Bi and Liu [10] analyzed the kinematic situation of each axis of a six-axis robot employing a multidomain modeling and simulation method. Cao and Wu [11] proposed the multidomain modeling of a certain NC milling machine including mechanical and electronic components as well as a controller, using the simulation platform Dymola and the modeling language Modelica and predicting the motion path of the principal axis. Wang et al. developed a multidomain uniform model of a banana picking manipulator by virtual simulation and modeling language Modelica. The motion performance of the body structure, driven by a motor, was analyzed using a uniform model [12] . To the authors' knowledge, there is no paper in literature focused on vibration analysis of high-speed punching presses through multidomain modeling and simulation.
In the present study, to address the aforementioned vibration problem, a mathematical model of vibration and multidomain models of a punching press were established. Dynamic characteristics of the punching press were predicted in the multidomain simulation. Structural modification of the frame and improvement of the foundation were carried out to reduce vibrations. Once validated against experimental measurements, the multidomain model was used to discuss the influencing factors of vibrations under different conditions.
Vibration Modeling of a High-Speed Precision Punching Press

Structural Synthesis of a High-Speed Precision Punching
Press. Figure 1 shows the closed four-point structure of the high-speed punching press considered in this study, including an upper crossbeam, side column, lower crossbeam, movable crossbeam, servomotor, gear set, slider, two crankshafts, four connecting rods, four lead screws, and four hydraulic cylinders. The torque generated by the servomotor is transmitted to the crankshafts through the gear set, and the lead screws are driven by the revolving crankshafts, resulting in the reciprocating movement of the slider. A multistation progressive stamping die is installed on the punching press to complete the stamping of the heat exchanger fin [13] as shown in Figure 2 .
Vibration Mechanical Model.
The frame of the punching press includes the upper crossbeam, side column and lower crossbeam. These parts are made of nodular cast iron and are connected using screw bolts and nuts. The crank-connecting rod-slider mechanism is the main transmission assembly of the punching press shown in Figure 1 . As the levels of stiffness of the connecting rods, lead screws and subsoil are much lower than those of other components of the punching press, only the stiffness and damping of these three components are considered in this study. The following simplifications are introduced into the vibration mechanical model of the punching press [14-16]:
(1) The frame is considered a rigid block, and the crankconnecting rod-slider mechanism is simplified as an assembly of a rigid block with linear springs and viscous damping, for which the stiffness and damping of the connecting rods are considered. The movable crossbeam and the crank seat are modeled as rigid blocks. The lead screws are considered as linear springs with stiffness and damping parameters.
(2) Contact between the frame and subsoil under the punching press is taken into account by linear springs with viscous damping.
Multidegree vibration models of servopresses were established by Lin [17] and Guo [18] et al. These presses are generally considered as a mass-spring-damper system with one degree of freedom (DOF), ignoring the stiffness and damping of connection parts among components. The present study establishes a mass-spring-damper vibration system with three DOFs of the punching press (see Figure 1 ) as shown in Figure 3 , considering the relative motion between the slider and frame.
According to the structure of the punching press and the mechanical analysis of the stamping, under the condition of zero-load operation, a periodic and compound exciting force 2 sin [19] , generated by the reciprocating motion of the slider [20] , is imported to the crankshaft through the gear sets, without loading a stamping force on the punching press. The three-DOF motion differential equations of the punching press under the condition of zero-load operation are thus expressed by (1) . Under the condition of stamping, both 2 sin and the stamping force ( ) act on the punching press, and the three-DOF motion differential equations are expressed by
where 1 is the mass of the crank-connecting rod-slider mechanism; 2 is the mass of the movable crossbeam and the crank seats; 3 is the mass of the frame and the lower crossbeam; is the mass of the slider, which is part of 1 ; and and are the eccentric distance and the rotational speed of the crankshaft, respectively. and 1 , 2 and 2 , and 3 and 3 are the equivalent stiffness and damping of the connecting rod, lead screws, and subsoil under the punching press, respectively.
The differential equations in (1) are solved to obtain analytic expressions for 1 , 2 , and 3 , which are the vibratory quantities of the slider, movable crossbeam, and frame of the punching press shown in Figure 3 . Numerical solutions of (1) are as follows:
where is the modal matrix [20] of the three-DOF vibration model and 1 ( ), 2 ( ), and 3 ( ) are given as follows:
Shock and Vibration
where is the natural frequency [20] of the three-DOF vibration model shown in Figure 3 , is the damped natural frequency [19] , which can be expressed as = √1 − 2 , being the damping ratio, = /2√ ; = / and Δ = (1 − 2 ) 2 + 4 2 2 . , , and shown in Figure 3 are given in Table 1 according to the structure of the punching press [20] , where 1,2 belong to damping ratios of steel for engineering mechanism, which were assigned as 0.020 [21] , 3 = 0.16/ √ , and is the total mass of the punching press and the foundation block [21, 22] . , , and were assigned as = 2076 kg, = 0.02 m, and = 300 rpm in the present study. Figure 4 shows the vibrational curves of the slider and frame under the condition of zero-load operation, according to (1) and (4), developed with the mathematical processing software Matlab. According to the stiffness and damping given in Figure 3 , vibration amplitudes of the slider and frame were 1.222 and 1.206 mm, respectively (see Figure 4) , which are to be compared with the predictions of the multidomain model established in the following.
Multidomain Models of the High-Speed Precision Punching Press
A multidomain model of the punching press was established (see Figure 5 ) considering the structure and vibration model, and a physical object-oriented modeling method was selected and developed using the multidomain system dynamics platform SimulationX. During the physical object-oriented modeling, physical relationships are established through a potential and flow rate; specifically, each node in the model contains a series of potential rates, and each connecting interface that links to the same node contains the same number of potential rates. All the flow rates in the model satisfy the balance equations. In this study, the multidomain model of the punching press was composed of subsystems for the mechanism, servomotor, and stamping die. The mechanical subsystem consisted of the frame, movable crossbeam, gear sets, slider, lead screws, crankshaft-connecting rod mechanisms, and the connecting joints between mechanisms. The subsystem of the stamping die consisted of the progressive stamping die and the stamping forces generated during the forming of the heat exchanger fin. The mechanical subsystem was connected to the subsystem of the servomotor through the gear set. The rotation speed of the servomotor was preset at a constant value in the preprocessing of the simulation. A three-dimensional model of each component of the punching press was imported into the SimulationX platform using the CAD-import element. Motion transmission between the components was obtained by a set of revolving-joint and sliding-joint elements. Engaging forces generated by the gear sets were guided and imposed on the movable crossbeam using an actuated prismatic joint element. Spring damping elements were employed to model connecting parts according to the vibration model (see Figure 3) .
Several groups of equal and opposite stamping forces were set in the subsystem of the stamping die, according to the stamping condition of the punching press. Figure 6 shows the progressive stamping die [13] adopted to manufacture the heat exchanger fin (see Figure 2) , and the theoretical force of each stamping position is given in Table 2 [13] . The stamping forces were imposed at each relevant position of the upper and lower die simultaneously during the simulation, as shown in Figure 5 , in accordance with the blank layout (see Figure 7 ) of the heat exchanger fin and dimensions of the working positions. The frequency of strokes during stamping was 300 strokes per minute, and the transmission ratio of the gear sets was 1 : 5; therefore, the rotational speed of the servomotor was preset at 1500 r/min. The length of the eccentric arm of the crankshaft was 20 mm, and the length of the connecting rod was 400 mm. An EMB-1ED A15 synchronous servomotor was used to drive the servo punching press. Technical parameters of the servomotor are given in Table 3 . A model of the servomotor consisting of a speed loop, current loop, and additional position loop (i.e., three-loop control of the servomotor) was set up.
Multidomain Simulation of the High-Speed Precision Punching Press
The crankshaft-connecting rod mechanisms of the servo punching press in Figure 1 can be simplified as the typical crank-slider mechanism shown in Figure 8 . Point is the rotation point of the crank, and points A and B are the connection point between the connecting rod and crank and the connection point between the connecting rod and slider, respectively. Angle is the angular rotation of the crank. The stroke of the slider is a variable depending on the stiffness and the damping factor of the lead screws, connecting rods, and subsoil below the punching press. A coordinate system was established, in which the top dead centers of the slider and frame were considered the initial points in each motion period (as shown in Figure 8 ). Operational motions of the slider and frame were predicted in multidomain simulation with the aim to calculate the vibration quantity of the punching press. Figure 9 shows the calculated acceleration curve of the slider under the condition of zero-load operation. The acceleration amplitude of the slider decreased during the starting period of the punching press, as shown in Figure 9 , 6 Shock and Vibration because large current was generated by the servomotor to produce large torque to overcome the resistance that acted on the crankshaft-connecting rod mechanism at the starting moment (i.e., at a time of 0 s), while the suddenly imposed large torque resulted in vibration in the punching press (where the acceleration amplitude of the slider was about 15 m/s 2 ). After the starting phase, resistance acting on the crankshaft-connecting rod mechanism instantly decreased, reducing the torque and current produced by the servomotor, as well as the acceleration amplitude of the slider (Figure 9 ). The stroke frequency of the slider increased rapidly in the transition period, increasing the reciprocating inertial force and the acceleration of the slider (where the acceleration increased to about 40 m/s 2 ). As shown in Figure 9 , approximately 12 s after the starting of the punching press, the slider reached a steady state and the stroke frequency reached 5 strokes per second (or 300 strokes per minute). Figure 10 shows the simulated rotational speed curve of the crankshaft and the displacement of the slider under the condition of zero-load operation. When the slider passed through the equilibrium position of its reciprocating motion, the rotational speed of the crankshaft had an average value of 300 r/min, as shown in Figure 10 . Because of gravitational effects, the speed of the slider increased after the slider passed through its equilibrium position during the down stroke, and the rotational speed of the crankshaft became maximum. During the upstroke, the slider started from the bottom dead center, and the speed of the mechanism decreased because of gravity, where the rotational speed of the crankshaft decreased to a minimum before the slider reached its top dead center. Afterward, the servomotor accelerated to drive the crankshaft rotation at a constant speed, so as to overcome the gravitational effects and make the slider reach its top dead center. The rotational speed of the servomotor increased to a peak value when the slider reached its top dead center. The speed of the slider increased after starting from the top dead center until its equilibrium position owing to the positive work due to gravity and, during that time, the required torque and the rotational speed generated by the servomotor decreased. As mentioned above, the rotational speed of the crankshaft was preset as a constant value in the vibration model of the punching press (see Figure 3) . The electromechanical coupling of the servomotor and the motion mechanism was considered in the multidomain model, as seen in Figure 10 . Hence, the rotational speed of the servomotor fluctuated owing to the change in the external load. Meanwhile, the vibration of the slider and frame was induced by the fluctuation of the servomotor. As already mentioned, the crankshaft-connecting rod mechanism of the punching press was modeled as the typical crank-slider mechanism, shown in Figure 8 , where the rotational speed of crank A corresponds to the rotational speed of the crankshaft as shown in Figure 10 , and was one-fifth of the simulated speed of the servomotor. A is the point of connection between the crank and connecting rod, as shown in Figure 8 , the tangential speed V of A is induced by the rotational speed , and the vertical component V of V equals the speed of the slider. The relationship between V and V is expressed as follows:
Equation (5) reveals that, except in the situation that the slider passes through its top and bottom dead center, to guarantee a constant speed of the slider, the required rotational speed of the crankshaft is a minimum when the slider passes through its equilibrium position (Figure 8 ).
This paper explores the vibration of the punching press simulated using the multidomain model and obtains the relative vibration between the frame and slider under the condition of zero-load operation and stamping to judge the working performance of the punching press. Figure 11 shows the displacement-time curves of the slider and frame, in which initial gravity centers of these two components are the zero points. Figure 11 (a) reveals that, under the condition of zeroload operation, the frame vibrated with an amplitude of 1.162 mm, and the gravity center of the frame shifted down to an equilibrium position of −2.815 mm. The amplitude of the reciprocating motion of the slider was 21.124 mm (the theoretical value of which is 20 mm, according to the length of the eccentric arm of the crankshaft), at an equilibrium position of −22.761 mm. It is worth noticing that the theoretical amplitude of the slider of 20 mm should be subtracted in calculating the vibratory quantity. Compared with the theoretical analytical curves shown in Figure 4 , relative errors of the predicted vibration amplitudes of the slider and frame were 7.83% and 7.45%, as shown in Figure 11(a) . Because the weights of the components are not considered in (1), differences in equilibrium positions of the slider and frame are not presented in Figure 4 .
As shown in Figure 11 (b), under the condition of stamping, the equilibrium position of the reciprocating motion of the slider was −22.753 mm, and the amplitude of the motion was 21.117 mm. The frame vibrated with an amplitude of 1.177 mm, at an equilibrium position of −2.812 mm under the condition of stamping. According to the above results, the relative distance between the equilibrium positions and the difference in amplitude of the slider and frame can be calculated as 0.059 and 0.060 mm, respectively, and the relative vibration between the frame and slider under the condition of stamping was 0.119 mm, which was larger than the thickness of the workpiece of the heat exchanger fin (0.115 mm). The comparison reveals that the working performance of the punching press needs to be further enhanced.
Experimental Investigation and Verification
Experimental measurements were made to validate the model. Acceleration, which is proportional to the vibration amplitude of a certain mechanism during its vibration [19] , is Shock and Vibration an important index that represents the intensity of vibration. A DH5923 dynamic signal analysis system was adopted to measure the acceleration of the frame, movable crossbeam, and slider (see Figure 12) , under the condition of zero-load operation for different rotational speeds of the servomotor. Figure 13 shows the arrangement of CA-YD-127 piezoelectric accelerometers on the punching press. In the Figure, the plane on which the gear sets are installed is referred to as the front side of the punching press, and the opposite plane is the reverse side. Table 4 compares the experimental and theoretical values of acceleration of the main components of the punching press. Owing to the effects of external disturbances such as vibration and noise, the experimental acceleration was greater than the acceleration predicted by simulation. Values measured by accelerometers numbers 3, 4, 7, and 8 represented acceleration of the frame. Values recorded by accelerometers numbers 7 and 8 were higher than those recorded by accelerometers numbers 3 and 4 because the former were installed on the side column, the acceleration of which is more susceptible to the reciprocating inertia force of the slider. The maximum relative error is about 21%, as listed in Table 3 , indicating that the experimentally measured acceleration is consistent with the simulation results obtained in this paper. The validity and rationality of the multidomain model and three-DOF vibration model of the high-speed precision servo punching press were verified by the comparison of results. The simulation curves represent kinematic motions of the geometrical centers of the components of the punching press investigated in this study. As shown in Table 4 , due to the effects of the installation position of the gear sets, values of acceleration recorded by the accelerometers installed on the front side, on which the gear sets are installed as shown in Figure 13 (a), were generally larger than those recorded by accelerometers installed on the reverse side (see Figure 13(b) ). Torque and torsional vibration of the gear sets were transferred to the movable crossbeam and crankshaft and subsequently to the slider, side column, and lower crossbeam, resulting in the vibration of these components, which increased with the rotational speed of the gear sets. Because the accelerometers were installed on the surfaces of these components, there was additional consumption of vibration during its transferring, and there were differences between values measured using the accelerometers installed in different areas of the same component, as shown in Table 4 . Figure 14 compares the experimentally measured and simulated curves of the acceleration of the slider under the condition of zero-load operation, when the rotational speed of the servomotor was 600 r/min. Figure 14(a) shows that the maximum acceleration of the slider measured by accelerometer number 1 (see Figure 13) Table 5 gives the natural frequency of each order of vibration of the frame, slider, and movable crossbeam obtained in freedom modal analysis, where the natural frequency of vibration of the frame was a minimum. Low-order natural frequencies of a mechanism are generally more prone to being coupled with external excitations and have worse effects on the structure than high-order modes, thus determining the dynamic behavior of the mechanism [25] . The modes of the first six orders of vibration of the frame are shown in Figure 15 . The first mode primarily reveals a single torsional vibration that occurs in the upper half of the frame. The second and third modes, respectively, reveal single flexural vibrations that occur in different directions. The fourth mode behaves as two flexural vibrations in the horizontal direction of the frame. The fifth mode reveals two torsional vibrations that occur around -and -axes as shown in Figure 15(c) . The sixth mode also behaves as two flexural vibrations. The operating efficiency of the punching press during actual production is 300 cpm, and the frequencies of the punching press and servomotor are therefore 5 and 25 Hz, respectively. As shown in Figure 15 (a), the fundamental frequency of vibration of the frame is 43.432 Hz, which is closer to that of the servomotor than to that of other components. This paper improves the structure of the frame to increase its fundamental frequency of vibration and thus avoid resonance between the frame and servomotor. Figures 15(a) , 15(b) , and 15(c) show that the maximum deformation areas for the first three vibration modes are distributed on the upper four corners of the frame. To increase the natural frequency of the frame, the welding ribbed slabs of the side columns were widened from 120 to 215 mm (see Figure 16(a) ) and lateral plates of the upper crossbeam were widened from 30 to 40 mm as shown in Figure 16 (b), thus stiffening these areas. Additionally, welding strength beams were added around the upper corners of the frame as shown in Figure 16 (c), to improve the stability of these corners. Each order of the natural frequency of the frame increased after the structural modification, as shown in Table 6 . Figures 16(d) and 16(e) reveal that the first natural frequency of the frame increased from 42.43 to 57.04 Hz, and the second natural frequency increased from 48.60 to 65.09 Hz, which is an increase of about 34%. The probability of resonance between the frame and servomotor decreased, because of the increase in the natural frequency of the frame. Homoplastically, similar optimization of the frame can be carried out to make further progress in dealing with the vibration problem.
Modal Analysis of the Punching Press
Effect of the Foundation on the Vibration of a Punching Press
As previously mentioned, there was serious vibration in the punching press shown in Figure 12 , which was directly installed on the cement floor of a workshop. According to the structural features of the punching press, the foundation had been designed [22, 26] at an early stage of this research, being the base dimensions 2.8 m × 2.8 m as shown in Figure 17 (a). Multidomain models of the punching press containing the foundation were established (see Figure 17(b) ), where the foundation is considered a rigid body [22] (and the loadcarrying capacity of the subsoil under the foundation is considered as 55 kN/m 3 in this paper).
Figure 17(c) shows vibration curves of the frame and slider for a rotational speed of the servomotor of 1500 r/min, on the basis of which the foundation model shown in Figure 17 (a) was established. As shown in Figure 17(c) , under the condition of stamping, the equilibrium position of the slider during its reciprocating motion was −22.479 mm and the amplitude of the motion was 20.435 mm. Additionally, the frame vibrated with an amplitude of 0.449 mm at an equilibrium position of −2.511 mm (see Figure 17(c) ). Therefore, the relative distance between the equilibrium positions and the amplitude difference of the slider and frame can be, respectively, calculated as 0.032 and 0.014 mm; furthermore, relative vibration between the frame and slider under the condition of stamping was calculated equal to 0.046 mm. Stiffness and stamping of the subsoil increased after the installation of the foundation, effectively reducing the vibration of the slider and frame.
Figure 5(b) shows that the vertical projection of the punching press is a rectangle, while the base of the foundation shown in Figure 17 is a square, which does not favor reducing the installation area for the punching press in the workshop. To explore a method of reducing the installation area and reducing the vibration of the punching press, the base dimensions of the rectangular foundation were designed by increasing the equivalent dimensions along with the length and width of the vertical projection of the punching press, following foundation design specifications [22, 26] . The minimum base dimensions of the rectangularbase foundation were calculated as 2.25 m × 3.11 m, and the minimum mass of the foundation was chosen equivalent to the mass of the punching press [22, 26] . Number 150 concrete, the density of which is 2400 kg/m 3 [22, 27] , was adopted as the main material of the foundation. A series of foundations with the same mass as the existing square foundation were designed, but with gradually increasing base dimensions, as shown in Table 7 . Vibration reduction effects of these foundations were explored. Table 7 reveals that vibration amplitudes of the frame and slider decreased with an increase in the base area of the foundation, owing to the increase in stiffness of the subsoil with the base area of the foundation, when the compressional stiffness coefficient of the subsoil is considered to be constant. Owing to the coupling complexity of the stiffness and damping of the punching press system, the relative vibration amplitude, namely, the difference between the amplitudes of the frame and the slider, increases with the base area of the foundation, while the relative distance between the equilibrium positions of the frame and slider is disproportionate to the base area of the foundation. The relative vibration between the frame and slider includes the difference between the amplitudes, and the relative distance between the equilibrium positions, as given in Table 7 . Table 8 presents vibration reduction effects of another series of foundations with the same rectangular-base dimensions, while the height of the foundation increased gradually. The results reveal that stiffness of the subsoil remained unchanged while the damping decreased with an increase in the height of the foundation as shown in Table 8 . Damping ratio of the subsoil is inversely proportional to the square root of the total mass of the punching press and the foundation, as expressed in (6) [22, 26] , while vibration amplitudes of the frame and the slider decreased with an increase in the height of the foundation as shown in Table 8 :
Here, is the density of the subsoil and is the base area of the foundation. Table 9 presents the vibration reduction effects of an added series of foundations of the same heights, while the dimensions of the rectangular base are increased gradually. Stiffness and damping of the subsoil and vibration amplitude of the slider and frame increased with an increase in the base area of the foundation (see Table 9 ). Relative vibration between the frame and slider first increased and then decreased owing to differences in the vibration amplitude reductions of the frame and slider. Results in Table 9 reveal that, for a certain punching press, increasing the base area of the foundation up to a certain value decreases the vibration quantity of the punching press, while the vibration increases when the base area exceeds that value.
Vibration amplitudes of the frame and slider affect the positioning and transmission accuracy of the workpiece. Additionally, the relative vibration quantity directly affects the processing accuracy of the punching process. Meanwhile, the installation cost of the foundation and the area occupied by the punching press increase with the base area and height of the foundation. According to the above, vibration amplitudes of the frame and slider, as well as the relative vibration quantity of the punching press, should be considered in the design of the foundation. Compared with the case for the square foundation shown in Figure 15 , the relative vibration quantity decreased by 10.9%, and the vibration amplitudes of the frame and slider decreased by 6.9% and 6.7%, respectively, when the dimensions of 2.4 m × 3.3 m × 1.2 m were adopted for the foundation, which can be considered more suitable, as shown in Table 7 .
Decreasing vibration amplitudes by changing the dimensions of the foundation is a way to obtain vibration control of the punching press and, to some extent, decrease the vibration. On the other hand, further research on alternative methods for vibration control has been programmed. Among the strategies to be investigated, there are decreasing mass of related component of the punching press as well as designing speed variation curves of the servo motor.
Conclusions
In this paper, the vibration models of a punching press were studied under different conditions through derived vibration differential equations and multidomain modeling. The simulation results were compared with values obtained using vibration differential equations and experimental measurements. Modal analysis was conducted and the effect Table 9 : Vibration quantity of the punching press for a series of foundations with the same height. of the foundation on vibration of the punching press was considered. The following conclusions are drawn from the results of the study:
(1) Three-DOF mass-spring-damp vibration models were established. The relative motion between the slider and the frame during actual operation was considered rather than regarding the whole punching press as a rigid mass. A periodic and compound exciting force 2 sin acting on the crankshaftconnecting rod-slider mechanism during operation was taken into account.
(2) Large torque was generated by the servomotor to overcome the resistance acting on the crankshaftconnecting rod mechanism at the starting moment of the punching press, resulting in vibration and a strong inertial force in the crankshaft-connecting rod-slider mechanism.
(3) Electromagnetic coupling effects and the vibration of the punching press were effectively predicted using the multidomain model: electromagnetic coupling effects take place in the combined system consisting of the servomotor and transmission mechanism during operation, resulting in speed fluctuations of the servomotor and the vibration superposition of the transmission components, consequently decreasing the quality and accuracy of the stamping process.
(4) The installation position and direction of the gear sets affected the vibration and inertia force of the main components of the punching press, while the reciprocating inertia force of the slider affected measurements made by accelerometers placed near the partial area of the frame on which guide rails of the slider were installed.
(5) Installation of the foundation greatly reduced the vibration problems of the punching press, because the stiffness and damping of the subsoil increased with the base area of the foundation, and damping of the subsoil increased with a decrease in the height of the foundation. Furthermore, in this paper, the relative vibration quantity of the punching press was considered as the summation of the amplitude differences of the frame and slider and the relative distance between the equilibrium positions of the frame and slider. The vibration quantity of the punching press was reduced, and rational use of the workshop space was achieved using foundation characterized by proper rectangular base rather than the existing foundation with a square base.
